Practical-type diets for chicks, guinea-pigs and cats, and a chick diet of purified ingredients, were assayed for their vitamin content before and after gamma-irradiation at doses ranging from 2 to 5 Mrad.
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The increasing use of germ-free and specified-pathogen-free (SPF) animals in experimental work has led to a growing demand for sterilized animal diets. Exposure to gamma-rays is a convenient, though somewhat costly, method for sterilizing diets because the penetrating nature of the rays allows successful treatment of bulky materials packed in strong sealed containers.
Little is yet known regarding possible changes in the nutritive value of diets so treated.
The work reported here was undertaken to determine the effects of gamma-irradiation on the vitamin content of diets intended for germ-free chickens and for SPF guinea-pigs and cats.
MATERIALS AND METHODS

Diets
A chick starter mash (SCM), two experimental chick diets (DCG and SCG) of purified ingredients, and a pelleted diet (RGP) for guinea-pigs were tested. Their compositions are given in Table 1 . A commercial cat diet ('Purina Cat Chow', Ralston Purina Co., Checkerboard Square, St Louis, Missouri 63, U.S.A.) was also tested. Its exact composition was unknown, but the manufacturer's stated analysis is given in Table I . 
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A vitamin supplement was added to supply, per kg diet: vitamin A 4000 iu; vitamin Do 1000 iu; a-tocopherol 25 mg; menaphthone sodium bisulphite 10 mg; riboflavin8 mg; calcium pantothenate 4 mg; vitamin B12 0.012 mg; choline chloride 200 mg; ascorbic acid 1 g; butylated hydroxytoluene 125 mg.
To every kg diet was added 13.3 g of a mineral mixture with the percentage composition: iron sulphate 2.2; manganese sulphate 2.6; magnesium oxide 1.5; sodium chloride 29 The three chick diets were prepared at this Institute.
When first mixed, the diets of purified ingredients were too fine to be readily acceptable to the birds.
They were granulated by mixing with enough water to form a thick 42 M. E. COATES, J. E. FORD, M. E. GREGORY AND S. Y. THOMPSON paste, which was pressed through a coarse sieve. The resulting granules were dried in a current of air at 45°C. Normally the drying process lasted about 12 h, but in the experiment to determine the effects of moisture on the stability of vitamins longer and shorter periods were needed. Previous experience has shown that there are small losses of some vitamins during the granulation procedure. . The guinea-pig diet was mixed and pelleted at Allington Farm, Porton Down, Salisbury, Wiltshire, and supplied by courtesy of the Superintendent, Dr J. S. Paterson. The cat diet was kindly supplied by the Medical Research Council Laboratory Animals Centre, Woodmansterne Road, CarshaIton, Surrey.
Packing and irradiation
The chick diets were packed in quantities of 300 to 400 g in polythenecellophane laminate bags which were heat-sealed and then enclosed in a second bag which was also sealed. In all but the earliest experiment the inner bag was evacuated before sealing. About eight packets were placed in cylindrical press-lid tins, 25 cm high and 17 cm in diameter. The guinea-pig pellets were packed in 8 kg quantities in heavy-gauge polythene screw-cap containers. The cat diet was packed in 10lb (4.5 kg) quantities in paper sacks which were enclosed in two separately-sealed plastic bags and placed in a cardboard box. After packing, the diets were treated at the Wantage Research Laboratory (AERE), Wantage, Berkshire, by gamma-radiation from a G°Co source at doses within the range of 2 to 5 Mrad (1 rad = 100 ergs absorbed energy per g).
Determination of vitamin content
Samples of the diets before and after the irradiation procedure were assayed chemically for vitamins A and E, and microbiologically for vitamins of the B complex. Each diet was milled finely before being sampled for analysis. The methods of analysis were as follows.
Chemical determination of vitamin A, carotenoids and tocopherols
The method used was suitable for diets to which the fat-soluble vitamins had been added either as oily solutions or as dry powders. When dry powder supplements are used large amounts must be taken for analysis in order to reduce the sampling error, and a preliminary treatment to liberate the vitamins is necessary before extraction with solvents. A sample of 100 g was soaked in cold water for 10 min, then the temperature was raised to 60°C for 5 min in the presence of hydroquinone. The sample was extracted with a mixture of equal parts of ethyl alcohol and light petroleum. The solvent extract was dealt with essentially as described by Thompson, Henry & Kon (1964) . Where possible a-and "(-tocopherol were separately measured, but in some instances, where separation proved difficult, a combined value has been given. The procedure was not designed for extraction of carotenoids from natural materials hence the values given for~-carotene may be slightly low.
Microbiological assays of the vitamin B complex
The folIowing vitamins were assayed: folic acid, vitamin B 12, thiamine, nicotinic acid, riboflavin, pantothenic acid, vitamin B 6 and biotin.
Folic acid activity was measured with Lactobacillus casei in the assay medium and by the general procedure of Herbert (1961) . The test extracts were prepared as follows.
To 100 mg samples of diet, in ISO x 20 mm test tubes, was added 5 ml buffer solution made by dissolving 1 g ascorbic acid in 100 ml 1.42 per cent (w/v) Na2HPO4 solution and adding 4 N-NaOH to pH 7.8. To the mixture was then added I ml of an extract of chicken pancreas, made by gently triturating 200 mg desiccated chicken pancreas (Difco Laboratories Inc., Detroit, U.S.A.) in 40 ml of the ice-cold phosphate-ascorbate buffer and filtering the liquid through a plug of glass wool. The tubes, containing the test samples and added enzyme, were incubated for 2 h in a water bath at 45°C. The contents were then acidified to pH 4.8 by addition of 0.5 N HCl, diluted with water to 50 ml and filtered through a Whatman No. 42 paper.
The filtrates were readjusted to neutral pH and further diluted as needed for test.
Thiamine was assayed with Lactobacillus fermenti as described by Deibel, Evans & Niven (1957) , and vitamin B 12 with L. leichmannii as described by Skeggs (1963) . Riboflavin was assayed with L. casei, pantothenic acid, nicotinic acid and biotin with L. plantarum, and vitamin B 6 with Kloeckera brevis, as described by Barton-Wright (1963) . AlI the samples were assayed at least twice and a mean value taken.
In our experience of these assays the between-assay standard deviation is around 10 per cent.
RESULTS
Diets of natural ingredients
Results are given in Table 2 of experiments with the chick mash, guineapig peIlets and cat diet irradiated at doses between 2 and 3 Mrad, the order of irradiation most frequently used for diets intended for SPF colonies.
At these levels of treatment there were negligible losses of vitamins of the B complex apart from an almost 50 per cent reduction of thiamine and smaller losses of folic acid and vitamin B 6 in the cat diet. The fat-soluble vitamins were rather more seriously affected. Vitamin A and~-carotene were almost completely destroyed in the cat diet, and both were partially destroyed in the chick diet. There were severe losses of a-tocopherol in the chick diet, a smaller loss in the guinea-pig diet, and an apparent rise of a-tocopherol in the cat diet. This last result is unlikely to have been due to an analytical error since it occurred in two separate samples. In diets intended for germ-free animals, absolute sterility is essential, and a higher dose of irradiation is advisable. Tests were therefore made on the chick mash irradiated at 5 Mrad. The effects of the treatment were compared on the diet packed in bags that had or had not been evacuated before sealing. The results are shown in Table 3 . At this higher level of irradiation there was some loss of thiamine and vitamin B 6' which was of the same order in the evacuated and non-evacuated packs.
Destruction of fat-soluble vitamins also occurred, but the loss of vitamin E was negligible in the vacuum-packed diet. The protective effect of evacuating the package before treatment was confirmed in a later experiment where the content of fat-soluble vitamins (mg/kg) in a diet (SCM) irradiated at 5 Mrad were:
Vitamin Ã -carotene Tocopherols (a and y) Air packed 1.12 1.85 9.24
Vacuum packed
].45
3.20
20.85
Diets of purified ingredients
In view of the findings reported above, all diets used in the later investigations were vacuum-packed.
A dose of 5 Mrad was used throughout. The effects of irradiation on the vitamin content of two experimental diets for germ-free chicks, diet DCG at the standard level and diet SCG at a higher level of vitamin-supplementation, are shown in Table 4 .
Diet SCC with extra vitamin supplement * untreated 5 Mrad 5 Mrad untreated Once again there was evident destruction of vitamins B 1 and B 6' and the losses of both were greater than had occurred in the diet of natural ingredients subjected to the same treatment.
Effect of antioxidants
In an attempt to stabilize the vitamins to the treatment, diets containing antioxidants (0.005 per cent ascorbic acid or 0.0125 per cent 1,2-dihydro-6ethoxy-2,2,4-trimethylquinoline -'Santoquin', Monsanto Chemical Co., St Louis, Missouri, U.S.A.) were prepared and irradiated. Table 5 summarizes the results. In the un supplemented diet there were losses of vitamins B l' B 6 and folic acid. Surprisingly, their destruction was grossly exacerbated by supplementation with either of the antioxidants.
There was also a marked Joss of nicotinic acid in the presence of 'Santoquin' or ascorbic acid. There was no Joss of vitamin A from the diet containing 'Santoquin'.
Effect of the moisture content of the diet
Irradiation of water leads to the formation of hydrogen and hydroxyl ions. The effects of the moisture content of a diet on the stability of its vitamins during irradiation was therefore investigated.
A batch of diet (SCG) was prepared with four times the standard vitamin supplement, and portions of it were dried for about 12 h, and for longer and shorter periods of time to vary its moisture content.
Three samples of diet, with moisture contents of 4.2, 8.4 and 29.0 per cent were thus produced. Table 6 shows the effects of gamma-irradiation at 5 Mrad on their content of vitamins of the B complex. For strict comparison between the three samples, results have been calculated per kg of dry diet. In the diet dried for the normal time (8.4 per cent moisture) and the very dry diet (4.2 per cent moisture) the expected losses of vitamins Bland B 6 were observed.
These losses were greatly increased in the diet containing 29 per cent moisture.
In the moist diet also there was almost complete destruction of folic acid and some loss of nicotinic acid.
DISCUSSION
Although in general the results of these tests indicate that gamma-irradiation does not have severely destructive effects on the vitamin content of animal diets, there were one or two instances of serious loss of particular vitamins. As they did not occur consistently in all types of diet, it seems likely that the other ingredients may have an important influence on vitamin stability.
In the cereal-based chick and guinea-pig diets irradiated at up to 3 Mrad, vitamin E and~-carotene were the only vitamins to be affected by the treatment. In the cat diet, however, vitamin A and~-carotene were almost totally destroyed while thiamine and folic acid suffered some loss; conversely, a-tocopherol was stable and its level had even apparently increased. This apparent increase is difficult to explain; it may reflect inadequate mixing of the original diet, or could possibly have arisen through the formation of substances reacting as a-tocopherol in the chemical assay.
The same chick diet irradiated at a higher level (5 Mrad) sustained rather more losses. The destruction of~-carotene and vitamin E was of the same order but, in addition, vitamin A, thiamine and vitamin B 6 were partially destroyed.
The loss of vitamin E was very largely prevented by evacuating the package before sealing, and on one out of two occasions vacuum packing also protected the vitamin A and carotene.
However, even after treatment at 5 Mrad, the levels of vitamins remaining in the diet were on the whole sufficient to satisfy the requirements recommended by the Agricultural Research Council (1963) for the young chick. Thus is seems reasonable to assume 48 M. E. COATES, J. E. FORD, M. E. GREGORY AND S. Y. THOMPSON that diets of this type, which are commonly used for chicks and small laboratory mammals, can safely be sterilized by gamma-irradiation and, although there is some damage to their vitamin content, the amounts remaining are adequate.
The experimental chick diet tested was typical of the 'semi-synthetic' diets frequently used for nutritional experiments with chicks, rats and other laboratory mammals.
In the present instance it was intended for studies with germfree chicks, hence it was irradiated at 5 Mrad.
The vitamin losses from this diet were somewhat greater than those from the natural diet treated to the same dose of radiation and, as before, the susceptible vitamins were thiamine, B 6' A and the tocopherols.
In case the loss of vitamins was the result of oxidation, the effects of including antioxidants, 0.0125 per cent 'Santoquin' or 0.005 per cent ascorbic acid, on the stability of the vitamins were investigated. Contrary to expectation the losses in the diets with these antioxidants were greatly increased.
Thiamine, vitamin B 6 and folic acid were almost completely destroyed, and some loss of nicotinic acid also occurred. No satisfactory chemical explanation has yet been found to account for these results. It is of interest to note that the guinea-pig diet of natural materials contained an antioxidant and a supplement of ascorbic acid which, by comparison with the results on the chick diet, might have been expected to accelerate decomposition even at the lower level of radiation. The vitamins of the B complex nevertheless remained virtually undamaged, perhaps because in the natural ingredients they are likely to have been present in bound forms less susceptible to chemical change.
It is well known that irradiation of water results in formation of highly reactive hydrogen and hydroxyl ions, hence it seemed likely that the amount of moisture in the diet during irradiation might affect the degree of nutrient destruction.
This proved to be true, as the results in Table 6 show. When the diet was dried to a moisture content of 4.2 or 8.4 per cent some thiamine and vitamin B 6 were lost. When the diet contained 29 per cent moisture both these vitamins were almost completely destroyed, so also was folic acid, and nicotinic acid and possibly biotin showed some loss. It seems wise therefore to exercise care in the drying of diets of this type. Although the stability of the vitamins was not improved by drying beyond the usual moisture content of about 8 per cent, it is clear that a very much higher moisture content can have deleterious effects. This finding is in direct opposition to reported experience with diets sterilized by autoclaving.
Zimmerman & Wostmann (1963) observed destruction of vitamins A and E and of the B complex in diets autoclaved at 123°C for 25 min, but graded additions of water to the diets before autoclaving progressively improved the stability of thiamine, calcium pantothenate and vitamin B 6'
The general conclusion from these studies is that, from the point of view of vitamin stability, gamma-irradiation is a satisfactory method of sterilizing diets for germ-free and SPF animals. Although no direct comparisons were made with other methods the vitamin losses observed compared favourably with those reported in the literature for diets treated with ethylene oxide (Hawk & Mickelsen, 1955; Bakerman, Romine, Schricker, Tawahashi & Mickelsen, 1956) or by autoclaving (Zimmerman & Wostmann, 1963) . The chick mash and guinea-pig pellets tested are representative of the kind of cerealbased diets in general use for small laboratory animals and our results give no reason to suggest that such diets need extra additions of vitamins before irradiation. Only one experiment was done with the cat diet, and until more evidence is available it seems advisable to increase the vitamin A content of the original diet or to give a separate supplement to animals receiving the irradiated product. Some caution in the use of irradiation for experimental diets of purified ingredients is clearly necessary. Some of the vitamins were less stable in this type of diet, the most susceptible being vitamins A, E and B 6' and thiamine. Furthermore, destruction of these and others was grossly exacerbated by relatively small changes in composition such as increased moisture or inclusion of antioxidants. In experimental diets that are to be irradiated, therefore, it would be safe practice to include a generous level of vitamins in the original formula or, if an unusual chemical substance is incorporated into the diet for the purpose of, for instance, toxicity studies, to give a separate vitamin supplement which is sterilized independently.
